Objective: To investigate the association between time from hospital admission to intensive care unit (ICU) admission (door to ICU time) and hospital mortality in patients with sepsis. Methods: This retrospective observational study included routinely collected healthcare data from patients with sepsis. The primary endpoint was hospital mortality, defined as the survival status at hospital discharge. Door to ICU time was calculated and included in a multivariable model to investigate its association with mortality. Results: Data from 13 115 patients were included for analyses, comprising 10 309 survivors and 2 806 non-survivors. Door to ICU time was significantly longer for non-survivors than survivors (median, 43.0 h [interquartile range, 12.4, 91.3] versus 26.7 h [7.0, 74.2]). In the multivariable regression model, door to ICU time remained significantly associated with mortality (odds ratio [OR] 1.11, 95% confidence interval [CI] 1.006, 1.017) and there was a significant interaction between age and door to ICU time (OR 0.99, 95% CI 0.99, 1.00). Conclusion: A shorter time from hospital door to ICU admission was shown to be independently associated with reduced hospital mortality in patients with severe sepsis and/or septic shock.
Introduction
Severe sepsis and/or septic shock are important contributors to hospital mortality and morbidity. [1] [2] [3] Investigators and clinicians continue to make every effort to combat these syndromes and patients with such disorders typically require multidisciplinary interventions. [3] [4] [5] Management of patients with severe sepsis and/or septic shock includes, but is not limited to, early initiation of antibiotics, early goal-directed therapy, infection source control, protective mechanical ventilation and use of renal replacement therapy. [6] [7] [8] Although the effectiveness of some of these interventions remains under debate, the multidisciplinary approach mandates close monitoring and intensive treatment.
The timing of intensive care unit (ICU) admission is associated with mortality outcome for critically ill patients, [9] [10] [11] and delayed ICU admission has been related to increased risk of death for critically ill patients who require close monitoring and intensive treatment. 12 In a mixed ICU cohort, patients who stayed in the emergency department (ED) for > 5 h before ICU admission were 2.5 times more likely to die than those with ED length of stay (LOS) < 5 h. 12 The Surviving Sepsis Campaign guidelines recommend early goal-directed therapy for septic shock, aiming to provide early control of infection and adequate peripheral perfusion, 13 however, several large trials investigating the effectiveness of early goal-directed therapy have reported neutral results. 14, 15 While neutral results may be due to an ineffective intervention, other explanations may include low quality monitoring and intensive care in the ED. This may be why early goal-directed therapy trials conducted in the ED have reported neutral results, 14 whereas those performed in the ICU have shown beneficial effects of early goal-directed therapy. 16, 17 For patients with severe sepsis, it is important to transfer them into the ICU to receive intensive care.
The present authors hypothesized that prompt admission to the ICU will provide additional benefits for patients with severe sepsis and septic shock. In analogy to the concept of door to balloon time for myocardial infarction, the aim of the present study was to investigate the concept of time from hospital door to ICU admission (door to ICU time), and its association with patient outcome, in patients with severe sepsis and/or septic shock.
Patients and methods

Critical care database
This retrospective, observational study included de-identified patient data from the critical care big data Medical Information Mart for Intensive Care (MIMIC)-III database, a large, singlecentre database comprising information relating to patients admitted to critical care units at Beth Israel Deaconess Medical Centre in Boston, MA, USA, a large tertiary care hospital. 18, 19 The database comprises 57 328 distinct admissions for adult patients (aged 16 years) admitted to ICUs between June 2001 and October 2012. 18 The study employed the publicly available dataset from MIMC-III, for which ethical approval has been provided previously by the Massachusetts Institute of Technology (Cambridge, MA, USA) and the Institutional Review Boards of Beth Israel Deaconess Medical Centre (Boston, MA, USA). Requirement for individual patient consent was waived because the project did not impact clinical care and all protected health information was deidentified.
Study population
According to the Third International Consensus Definitions for Sepsis and Septic Shock (Sepsis-3), sepsis is defined as life-threatening organ dysfunction caused by a dysregulated host response to infection, 20 and corresponds to earlier definitions of severe sepsis and septic shock. The present study population was defined as those patients with documented or suspected infection, plus organ dysfunction. 21, 22 A patient was defined as having organ dysfunction if he or she had any of the following International Classification of Diseases, Ninth Revision (ICD-9) codes: unspecified thrombocytopenia (2875), hypotension (458), acute and subacute necrosis of liver (570), acute kidney failure (584), anoxic brain damage (3481), shock without mention of trauma (7855), encephalopathy (3483), transient mental disorders due to conditions classified elsewhere (293), secondary thrombocytopenia (2874), other and unspecified coagulation defects (2869), defibrination syndrome (2866), and hepatic infarction (5734). Requirement of mechanical ventilation (procedures ICD code: 9670, 9671, or 9672) was also defined as organ dysfunction. The method was adapted from Angus et al., 2001, 23 and the SQL code used for data retrieval is available at https://github.com/MIT-LCP.
Demographic and laboratory variables
The following variables were extracted from the MIMIC-III database: age at hospital admission, sex, admission type, sequential organ failure assessment (SOFA) score (calculated on the first 24 h following ICU admission), SOFA score components, use of vasopressors and renal replacement therapy. Laboratory variables included platelet count, activated partial thromboplastin time (aPTT), international normalized ratio (INR), creatinine level, urine output (UO) for the first 24 h, Glasgow coma scale (GCS), mean blood pressure (BP), vasopressors, and arterial partial oxygen pressure (PaO 2 ). If a variable was measured more than once in the first 24 h, the value associated with the greatest severity of illness was used. For example, the lowest mean BP and GCS were used in the study.
The primary endpoint was hospital mortality, which was defined as the status of survival at hospital discharge.
Missing values
Variables with >30% of values missing were excluded from the analysis. Single imputation was performed for missing values to account for mean and variance of the measured values. 24 Specifically, missing values were replaced by values randomly drawn from the non-missing values. A set.seed function was used for reproducibility of the procedure.
Statistical analyses
Patients were divided into survivor and non-survivor subgroups based on hospital mortality. Demographic and clinical data are presented as n (%) prevalence for categorical data or median (interquartile range [IQR]) for continuous data. Categorical variables were compared using Pearson's v 2 -test with Yates' continuity correction and continuous variables were compared using Student's t-test. 25 The Compare Baseline Characteristics Between Groups (CBCgrps) software package, version 2.1 (https://cran.r-project.org/web/packages/CB Cgrps/index.html) was employed for statistical description and bivariate inference. 26 Conservative variable selection strategy was used for multivariable analysis due to the large sample size. Variables with a P value <0.02 in bivariate statistical inference were candidates for inclusion into the logistic regression model. Timing of ICU admission may have different effects on mortality outcome for different subgroups of patients, thus, it was hypothesized that door to ICU time and SOFA would interact, assuming that patients with different severities of illness respond differently to door to ICU time. Age has long been recognized as an important predictor of mortality for ICU patients, and patients in different age groups often respond differently to a given therapeutic intervention or risk factor. 27, 28 Thus, an interaction term between door to ICU time and age was also included in the multivariable model. After derivation of the final model, model validation and calibration were performed. Bootstrapping was used to obtain bias-corrected estimates of predicted probability of death, which was then compared to the observed values based on a nonparametric smoother. Model diagnostics were performed using influence, leverage and outliers (Cook's distance). 29 All statistical analyses were performed using R software, version 3.2.3 (https:// cran.r-project.org/). The Regression Modelling Strategies (rms) software package, version 5.1-2 was used for modelling. 30 A P-value < 0.05 was considered to be statistically significant.
Results
Patient selection and baseline characteristics
An initial search of the MIMIC-III database revealed 57 328 admissions, in which those with more than one ICU entry had already been excluded. A total of 15 113 patients met the inclusion criteria for severe sepsis and/or septic shock, among whom, 1 998 were then excluded due to the following: (1) aged <18 years, (2) hospital admission time later than ICU transfer time, (3) ED stay > 200 h or (4) nonemergency admission; resulting in 13 115 patients for final analyses (Figure 1) .
Baseline characteristics and comparisons between survivors and non-survivors are summarized in Table 1 . There were slightly more male patients in the non-survivor versus survivor group (54.5% versus 52.5%, respectively) but the difference was not statistically significant. Non-survivors were significantly older than survivors (median, 74.0 versus 67.9 years; P <0.001) and had higher SOFA scores (median score, 7 versus 5; P <0.001), and every SOFA component score (respiration, coagulation, liver, cardiovascular, central nervous system and renal system) was higher in non-survivors. More patients in the nonsurvivor group required renal replacement therapy (16.4% versus 8.5%; P < 0.001) and mechanical ventilation (69.3% versus 48.4%; P < 0.001) than in the survivor group. Non-survivors had more comorbidity burdens such as metastatic cancer (10.4% versus 3.7%; P < 0.001) and congestive heart failure (33.2% versus 28.0%; P < 0.001) than survivors, however, obesity and chronic pulmonary disease appeared to be protective factors (4.1% versus 6.2% and 22.4 versus 24.3, respectively; P 0.037). Non-survivors spent more time in the ICU than survivors (median [IQR], 5 [2, 10] 
Multivariable Logistic regression model
All variables with a P-value <0.02 were included in the multivariable model. Interactions between door to ICU time and SOFA were not statistically significant (data not shown), however, there was significant interaction between age and door to ICU time (odds ratio [OR] 0.99; P ¼ 0.006). ORs of other variables are presented in Table 2 . After multivariable adjustment, door to ICU time remained significantly associated with mortality (OR 1.11; P <0.001). Other risk factors included metastatic cancer, age (for each one-year increase), SOFA (for each one-point increase), mechanical ventilation and renal replacement therapy (all P <0.001). Obesity was a protective factor against death (OR 0.69; P ¼ 0.001) ( Table 2) .
Model calibration was performed by plotting actual probability of death against predicted probability ( Figure 2) , and predicted probability was shown to fit well with observed probability. Model diagnostics were used to examine outliers and influential observations. Sensitivity analyses revealed that exclusion of two observations with the largest Cook's distances (considered to be influential observations) did not alter the results (data not shown).
Probability of death was plotted against door to ICU time, stratified by age groups (Figure 3 ). Younger patients with severe sepsis and/or septic shock were shown to be more sensitive to door to ICU time, i.e., younger patients gained more benefits from urgent admission to ICU. For example, patients aged > 85 years had a probability of survival of 70% and 71% for door to ICU times of 50 h and 1 h, respectively. For patients aged between 45 and 55 years, probability of survival would be 90% and 85% for door to ICU times of 1 h and 50 h, respectively.
Discussion
The study showed that door to ICU time was significantly associated with hospital mortality in patients with severe sepsis and/or septic shock. Shorter door to ICU time was associated with reduced risk of hospital death and the effect remained unchanged after multivariable adjustment. Furthermore, there was an interaction between door to ICU time and age. The effect size was larger in younger age groups, suggesting that younger patients with severe sepsis and/or septic shock would benefit more from shorter door to ICU time than the elderly. 7 (4, 10) P < 0.001 Respiration 2 (0, 3) 2 (0, 3) 3 (0, 3) P < 0.001 Coagulation 0 (0, 1) 0 (0, 1) 0 (0, 2) P < 0.001 Liver 0 (0, 1) 0 (0, 1) 0 (0, 2) P < 0.001 Cardiovascular system 1 (1, 3) 1 (1, 1) 1 (1, 4) P < 0.001 Central nervous system 0 (0, 1) 0 (0, 1) 0 (0, 1) P < 0. The timing of ICU admission for critically ill patients has been investigated in several studies. In patients with communityacquired pneumonia, outcomes of patients who were directly admitted to the ICU were compared with those who were admitted to a ward prior to ICU transfer. 9 Those directly managed in the ICU were found to be less likely to die and delayed ICU admission was an important risk factor (OR 9.61). 9 Delayed transfer to the ICU with an ED-LOS >5 h is also thought to be an important risk factor of poor outcome (OR 3.8, 95% CI 1.6, 8.8). 10 In a large clinical database study involving over 50 000 patients, delayed admission to ICU of > 6 h was found to be associated with lower hospital survival (OR 0.709, 95% CI 0.561, 0.895). 10 To the best of the present authors' knowledge, there is no study investigating the association between timing of ICU admission and mortality outcome in patients with severe sepsis and/or septic shock. Clinical practice guidelines recommended that patients with severe sepsis and/or septic shock should be managed and treated intensively. 31 For example, in the first 4 or 6 hours, serum lactate should be closely monitored and predefined lactate clearance should be achieved. 32 Other treatment goals include urine output, central venous pressure and central venous (or mixed) oxygen saturation, which may be met with interventions such as fluid bolus, vasopressors, inotropes and red blood cell transfusion. 13 A prerequisite of this monitoring and intervention, however, is the adequacy of medical personnel and facilities, such as in the ICU, where close monitoring and intensive treatments can be provided. The present findings support the notion that early initiation of intensive care improves clinical outcomes for patients with severe sepsis and/or septic shock.
The strength of the present study was that it restricted the analyses to patients with severe sepsis and/or septic shock. Critically ill patients with different diagnoses may respond differently to timeliness of ICU admission, and treatment strategies during the early time window vary for different types of diseases. An interaction term between age and door to ICU time was included and showed that the importance of door to ICU time varied for different age groups. Also, the study employed a large clinical database and was pragmatic in design, with the understanding that a recognized gap exists between well-designed trials and pragmatic trials. 33 Some interventions showing beneficial biological efficacy in well-designed trials may have no clinical effectiveness in real world settings. 34, 35 The present study employed critical care big data that reflected conditions in daily clinical practice, and thus, the results may be more applicable to real world settings. Nonetheless, the study was subject to the inherent limitations of observational, retrospective design. Although an attempt was made to control for confounding factors that may impact both the timing of ICU admission and hospital mortality, such as severity of illness, presence of comorbidity and demographics, there may have been unmeasured confounders. Furthermore, all the SOFA scores were calculated after ICU admission and as a result the initial presenting physiological status in the ED (i.e. at first presentation) remained unknown. Those patients transferred to ICU early may have had clinical syndromes that were easier to recognize compared with those who were transferred later.
In conclusion, the study provided evidence that the time between hospital door to ICU admission (door to ICU time) was independently associated with hospital mortality for patients with severe sepsis and/or septic shock. The study supports early recognition of sepsis.
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